The synthesis of a series of meta-and para-substituted anthraililic acids is reported with their rates of decarboxylation in nitrobenzene solution a t 210.5' C. The reaction is second order with respect to anthranilic acid. The rate is increased by electron-releasing substituents and decreased by deuterium in the functional groups. The relative rates are interpreted b y means of the Hainnlett equation and its extensions and it is concluded that the rate-determining step involves attack b y proton froin one anthranilic acid ~nolecule 011 carbon 1 of a second n~olecule. 1Manz~script
Previous investigations of anthranilic acid decarboxylation have shown that the reaction is first order in boiling aqueous solution but catalyzed by mineral acids (1, 2) . The aqueous-acid-catalyzed reactioil xvas coilsidered to involve attack by a proton fro111 the mineral acid on carbon 1 of the aromatic ring ( 2 ) and therefore to belong to the class of SE2 aromatic displacenle~lt reactions (3). Decarboxylatioil in the melt, however, must involve shift of a protoil to the ring from one of the functional groups of ailthranilic acid itself. Several possibilities for such a proton transfer are available: it inay occur in the neutral acid or the zwitterion, it inay involve the carboxyl group or the amino group, and it inay be intermolecular or intramolecular. The present investigation is an attempt to decide among these various possibilities.
In order to determine whether the reaction is iilterinolecular or intrainolecular it is desirable to know the order of the reaction. In the melt the reaction has been reported to be first order (2, 4) but this is not very i~lfornlative since the con~position of the reaction mixture changes during the decarbosylation fro111 pure anthranilic acid to pure aniline. Since aniline could serve as proton donor it might take over the role of a second ~nolecule of anthranilic acid in an inter~nolecular reaction. An aprotic solvent would be preferable and it must be a high-boiling one since the temperature required for thermal decarboxylation is around 200" C. We have had some success with 1-methylnaphthalene as solveilt but nitrobenzene proved to be inore satisfactory since it is a better solvent for acids. In both these solvents the reaction is second order with respect to anthranilic acid and the reaction is therefore probably intermolecular.
In an intermolecular reaction there are several possibilities for the rate-determining step. I t nlay involve ( a ) hydrogen-oxygen bond breaking, (b) hydrogen-nitrogen bond breaking, (c) hydrogen-carbon bond making, or (d) carbon-carbon bond breaking. Stevens, Pepper, and Lounsbury have eliminated possibility (d) by showing that there is no carbon isotope effect in the decarboxylation of anthranilic acid either in aqueous solution or in the melt (2) . The three reinaini~lg possibilities may be distinguished by the site of the rate-determining step: in (a) it is the carboxyl group, in (b) it is the amino group, and in (c) it is carbon 1 of the ring. We have attenlpted to decide among the possibilities by application of the I-Iammett equatio~l t o the rates of decarboxylation of substituted anthranilic acids.
Haminett has shown (5) that the effect of substituents on the reactivity of a side chain in m-and p-substituted benzene derivatives can be expressed by the equation
where k and k o are the rates or equilibriunl constants for the reactions of the substituted and unsubstituted derivatives, respectively, p is a constant characteristic of the reaction, and u is a constant characteristic of the substituent. The treatment has been extended by Brown and co-worliers (6) to cover electrophilic aromatic substitution, in which the reaction site is on the ring instead of the side chain, by means of a new set of constants, u+. In a molecule where there are two or more possible reaction sites a substituent which is ineta to one site inay be para to the other so that its influence on the reactivity of the inolecule will be different depending on the location of the reaction site. Jaffe has shown (7, 8) that in favorable circumstances this difference can be used to deternline the loc a t' ion of the reaction site.
In anthranilic acid the three liliely reactioil sites inay be nuinbered as shown below.
The influeilce of a substitueilt a t A or B on reactivity a t sites 1, 2, and 3 will be given by equations 1, 2, and 3, respectively, PI The nature of the reactioil site inay then be deteriniiled by finding which of equatioils 1-4 best fits the rates of decarboxylation of a series of substituted anthranilic acids. I t should be noted that u1 differs most from u2 for substituents capable of strong mesomeric electron withdrawal while (TI differs most froin us for substituents capable of strong inesoilleric electron release. Therefore, substituents of both these types should be included in the series.
EXPERIMENTAL
Nitrobenzene and 1-methylnaphthalene were coininercial products. They were fractionated through a 14-in. Vigreaux column, collecting the fractions boiling a t 210-210.5' C a t 745 mm and 240-241" C a t 744 inm, respectively, and stored over anhydrous sodium sulphate and sodium wire, respectively. Anthranilic, 5-chloroanthranilic, N-methylanthranilic, N-phenylanthranilic, and p-aminobenzoic acids were coinlnercial products recrystallized to constant melting point. The remaining acids were synthesized as de-Can. J. Chem. Downloaded from www.nrcresearchpress.com by 52.11.211.149 on 11/28/19
For personal use only. scribed below. Melting points were determined with a Hershberg melting point apparatus (9) using Anschiitz thermometers calibrated against a U.S. Bureau of Standards platinun~ resistance thennometer.
4-Bromoanthranilic Acid
o-Acetotoluidide was prepared b y the inethod of Berkenheiin and Livshits (10) . o-Toluidine, 100 ml (0.93 mole), was refluxed with 102 ml of acetic anhydride (1.00 mole) in 200 ml of benzene for 1 hour. The benzene was distilled off and the residue was poured over ice. T h e crude product was recrystallized from benzene and 106 g of o-acetotoluidide (70y0 yield), m.p. 110-111' C , was obtained.
o-Acetotoluidide was brominated b y an adaptation of the inethod of Wheeler (11) . Thirty grains of o-acetotoluidide (0.20 mole) in 300 1111 of glacial acetic acid a t 15-16' C was treated with 10.5 ml of bronline (0.20 mole). After 1 hour the solution was poured into cold water and the hydrobromide was collected.
The salt was deconlposed b y boiling in 1 liter of water for 1 hour. T h e hot filtrate yielded most of the product and repeated extraction of the residue yielded the balance. Thirty-seven granls (My0 yield) of 2-methyl-5-bromoacetanilide, m.p. 158-159' C, was obtained.
This lnaterial was oxidized by the method of Justoni, Ternizzi, and Pirola (12) . Seven grams of 2-methyl-5-bromoacetanilicle (0.030 mole) was suspended in 3.5 liters of water a t 85' C and 10 g of magnesium sulphate and 15 g of potassium perinanganate were added. The solution was allowed to relllaiil a t 8C0 C overnight. After being cooled, the manganese dioxide was filtered out and the product was precipitated by acidification with hyclrochloric acid. Recrystallization from hot water gave 5.5 g 4-bromoacetoanthranilic acid (657, yield), m.p. 214-215' C. I-Iydrolysis of this acetyl derivative was accomplished by boiling 5.5 g (0.022 mole) with 50 n~l of 1 : l sulphuric acid for 1 hour. Diluting and neutralizing the solution gave 4 g of 4-bromoanthranilic acid, m.p. 217-218' C, after two recrystallizations from dilute ethanol.
5-Bromoanthranilic Acid
This compound was prepared by brolninating anthranilic acid by Wheeler's method (1 1) as described above for o-acetotoluidide. A 657, yield of 5-bromoanthranilic acid, m.p. 215-217' C, was obtained after two recrystallizations from dilute ethanol.
4-Nitroanthranilic . 4 cid
This colnpound was prepared b y the method of Hillers, Loltenbaclts, and Majs (13) . Sixty grains of o-acetotoluidide dissolved in 400 ml of concentrated sulphuric acid was nitrated for 4 hours a t -5' C with 40 ml of concentrated nitric acid in 120 ml of concentrated sulphuric acid. The acid solution when poured over ice yielded 36 g (45%) of 2-methyl-5-nitroacetanilide, m.p. 135-140' C. Several crystallizations from hot water raised the melting point to 149-150' C. The purified product was oxidized b y treating 10 g (0.051 mole) in 3 liters of water a t 95' C with 25 g of potassium perlnanganate and 12 g magnesium sulphate and allowing the solution to stand a t about 90' C overnight. Seven granls of the corresponding acid was obtained (617, yield) with a lnelting point of 215-216" C after recrystallizatioll from water. Heating 10 g (0.044 mole) of this material in 30 ml of alcohol and 120 ml of concentrated hydrochloric acid for 2 hours gave 7.5 g (90% yield) of 4-nitroanthranilic acid. After several recrystallizations from water it melted a t 262-264" C with decomposition. 4-Nitroanthranilic acid with identical properties was also prepared from 2-methyl-5-nitroaniline as described below for 5-nitroanthranilic acid. Can. J. Chem. Downloaded from www.nrcresearchpress.com by 52.11.211.149 on 11/28/19
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5-Nitroanthranilic Acid
This compound was prepared by a modification of the method of Iguchi (14) . Fifty grams of 2-methyl-4-nitroaniline (0.33 mole) was acetylated by refluxing with 138 g of acetic anhydride (1.35 mole) for 2 hours. Excess acetic anhydride was destroyed by boiling the solution with water whereupon 44 g (70% yield) of 2-methyl-4-nitroacetanilide, m.p. 198-200' C, precipitated. This was oxidized and hydrolyzed as described 
4-CItlouoanthra7zilic i l cid
A modification of the method of Cohn (15) was used. 2-Methyl-5-chloroaniline was acetylated by dissolving 2.5 g (0.18 mole) in 100 ml of boiling glacial acetic acid, adding 75 ml of acetic anhydride (0.67 mole), and refluxing for 15 minutes. A yield of 27 g (91%) of 2-methyl-5-chloroacetanilide, m.p. 131-132O C, was obtained on diluting the solution with water. This was oxidized and hydrolyzed as described above to give 4-chloroanthranilic acid, 1n.p. 234-235' C, after recrystallization from dilute alcohol.
5-iWetAylantAuaniliG Acid
m-Toluic acid mas nitrated by the nlethod of Giacolone and Russo (IG). Twenty grams of potassiunl nitrate (0.20 mole) in 120 ml of concentrated sulphuric acid was added cautiously to 20 g of m-toluic acid dissolved in 120 n~l of concentrated sulphuric acid a t 0° C. T h e mixture was poured on ice and a mixture of 2-nitro-3-methylbenzoic acid and 2-nitro-5-inethylbenzoic acid precipitated. The latter was extracted from the mixture with hot water, yielding 13 g (36y0) of 2-nitro-5-methylbenzoic acid, 1n.p. 131-132O C. This nitro acid was reduced by the method of Wheeler and I-Ioffman (17) . Four grams (0.022 mole) was dissolved in 100 ml of concentrated ammonium hydroxide and 50 g of ferrous sulphate heptahydrate (0.17 mole) in 200 in1 of water was added. The solution was brought to a boil and after it was cooled the inorganic salts were filtered out. Acidification and cooling the solution yielded 3 g of 5-methylanthranilic acid (goyo yield). I t melted a t 175-177' C after recrystallization froin dilute alcohol.
4-cl minoanthuanilic Acid
This compound was prepared by reductioil of 4-nitroanthranilic acid by the method of Wheeler and Hoffinan (17) described above. I t gave a 40y0 yield of 4-aminoanthranilic acid, 1n.p. 134-136' C, after recrystallization from dilute alcohol.
N-A cetylanthranilic Acid
This con~pound, m.p. 184-185' C, was prepared in 80% yield by acetylation of anthranilic acid in boiling acetic anhydride.
A nthranilic A cid-?E-13
Anthranilic acid, 23 g, was exchanged four times with heavy water by dissolving i t in 54 ml of purified dioxane and 5 g of deuterium oxide. T h e solvents were removed under reduced pressure and the acid was dried a t 85' C in a vacuum oven a t 15-mm pressure. This material analyzed 78.5h.08 at. Ojo anthranilic acid-?I-I3 by the method previously described (18) .
Rate _Measz~rements
T h e rates of decarboxylation were measured by absorption of the evolved carbon dioxide on ascarite which was weighed a t regular intervals. T h e apparatus is shown in Fig. 1 . T h e therm-ostat was a 1-liter two-neclted flask heated by an electric mantle. I n Can. J. Chem. Downloaded from www.nrcresearchpress.com by 52.11.211.149 on 11/28/19
For personal use only. this flask diphenyl ether was refluxed so that the vapors bathed the reaction vessel (a) which was a 25-ml test-tube-shaped vessel made from a 34/45 standard taper male joint. A gas inlet tube (b) extended to the bottom of the reaction vessel and a stream of dry carbon-dioxide-free nitrogen passing through this tube swept the evolved carbon dioxide through a condenser (c), a n n-butyl phthalate bubbler (d), a sulphuric acid bubbler (e), a U tube of anhydrous calcium sulphate ( f ) , into the ascarite weighing bottle (h) which was protected from the atmosphere by a tube (i) containing calcium sulphate and ascarite. A second ascarite weighing bottle could be interchanged with (h) by means of the three-way stopcock (g). About 10 rnl of nitrobenzene was placed in the reaction vessel and the nitrogen flow was adjusted to a suitable rate. Since diphenyl ether has a higher boiling point (259" C) than nitrobenzene (210.5" C) or 1-methylnaphthalene (242" C) the solvent boiled gently in the reaction vessel. Attempts to operate a t thermostat temperatures below the boiling point of the solvent gave poor telnperature control because the sweeping nitrogen cools the solvent and fluctuations in its rate of flow cause temperature fluctuatiolls and difficulty in reproducing temperatures between runs. An iron-constantan thermocouple introduced into the reaction vessel through the condenser showed that temperature variations during a run in refluxing solvent did not exceed 0.2" C. Temperature variation between runs varied as much as 0.5" C because of different solute concentrations and the high boiling-point-elevation collstailt of nitrobenzene. When the system had conle to equilibriuill a pellet of about 0.4 g of the acid to be decarboxylated was dropped into the reaction vessel. The refluxing solvent dissolved i t quiclsly and the evolved carbon dioxide was weighed in the ascarite weighing bottles a t intervals.
Rate constants were calculated from the slopes of plots of l/(a-x) against time, where a -x = initial moles of anthranilic acid less moles of carbon dioxide a t time t all divided by the volume of the solution corrected to 210.5O C by means of the coefficient of cubic expansion of nitrobenzene. Data from a typical run are shown in Fig. 2 . Rate constants for the various anthranilic acids in nitrobenzene are shown in Table I those for the three acids which could be dissolved in 1-methylnaphthalene are shown in Table 11 . The rates for 4-aminoanthranilic acid were so large that enough points for a plot could not be obtained so the rate was calculated from the observed half lives in seven runs. The variation of the observed half lives for this acid and anthranilic acid itself confir~n the second order shown in Fig. 2 . In order to obtain the rate constant for pure anthranilic a~i d -~H~ from the apparent constant for partly deuterated anthranilic acid the followi~lg calculatio~ls were made:
where AH = anthranilic acid, AD = anthranilic acid-*H3, and k' is the apparent rate constant for partially deuterated acid. The apparent rate can also be written For personal use only. For personal use only.
DISCUSSIOX
The data of Fig. 2 and Tables I, 11 , and I11 show that the decarboxylation of anthranilic acids is second order with respect to the acid in both nitrobenzene and l-methylnapththalene. The second-order kinetics shows that there are two molecules of anthranilic acid in the transition state or some step preceding it and so suggests that the proton transfer is intermolecular. I t is possible that anthranilic acid forins a diiner in solution and that proton transfer could be intrainolecular within this diiner, although extensive di~nerization in boiling nitrobenzene seems unliltely.
Rates were measurecl in boiling solutions so that rates in the two solvents are not directly comparable. In 1-inethylnaphthalene a t 242' C the rate is about 2.5 tinles that in nitrobenzene a t 210' C so that rates in the two solvents a t the same temperature can not be very different. Since nitrobenzene is a considerably inore polar solvent than 1-methylnaphthalene (€25 = 35 and 2.7 respectively) the sinall difference in rates suggests that the polarity of the transition state is not greatly different from that of the reactant.
Anthranilic acid is seen to decarboxylate 2 to 3 times faster than functionally deuterated anthranilic acid so that proton transfer must be involved in the rate-determining step or some step preceding it. I t is obvious from Table I that electron-releasing groups accelerate the decarboxylation and this must account for the fact that anthraililic and p-aminobenzoic acids decarboxylate while benzoic acid does not. The increased rates with N-methyland N-phenyl-anthranilic acids and the decreased rate with N-acetylanthranilic acids are in agreement with this interpretation of the role of the o-amino group. These observations show that decarboxylation nlust take place fro111 the neutral acid rather than the zwitterion since protonation of the amino group would destroy its electronreleasing properties. If reaction takes place from the neutral molecule, proton donation inust come from the carboxyl group and electron-releasing substituents should hinder, not help, the donation. This rules out site 1 as the only reaction center but leaves the possibility that more than one site is involved in the transition state, with the substituent effect a t site 1 outweighed by that a t the others.
In Figs. 3, 4 , and 5 the data of Table I are plotted according to equations 1, 2, and 3, respectively. I t is seen that the fit to a single straight line is not good in any of the three. Table 111 shows the results of a standard statistical analysis (19) , of the fit of the data to a linear equation Y = a+bX, where Y = log k/ko, X = a, b = p, s~ is the stanclard error in the estimate of Y, sb is the standard error in b, r is the linear correlation coefficient in equations 1-3 or the inultiple correlation coefficient in equation 4, and F is the variance ratio (19) . Conlparison of colun~ns b and sb show that equations 1 and 3 fit the data nluch better than 2 and 4. Column F lnaltes the comparison quantitative, and shows (19) b ( = p) different from zero a t the 99y0 confidence level for equations 1 and 3, a t the 95y0 confidence level for equation 2, and a t no significant level for equation 4. Evidently site 1 or site 3 is of predominant importance in the transition state and the negative sign of p requires that it be site 3, as has been indicated previously. Jaffe has shown (8) that in order to distinguish between one site or two by ineans of substituent effects it is necessary that the a's for the substituents referred to the two sites have a correlation coefficient less than 0.9. The substituents used in the present investigation have the following correlation coefficients: r12 = 0.817, r2? = 0.702, r l s = 0.974. Evidently the Jaffe treatnlent of our data can rule out participation by site 2 in the transition state, but not joint participation by sites 1 and 3. The conclusion is, then, that site 3 is of predominant importance in the transition state with less iinportant contributions fro111 site 1. Can. J. Chem. Downloaded from www.nrcresearchpress.com by 52.11.211.149 on 11/28/19
For personal use only. Although the data do not fit any of the four equations well, it is remarkable that in Fig. 1 the points for 4-substituents fall 011 one line and those for 5-substituents fall on another. The line for 4-substituents is represented by equation 5 and that for 5-substituents by equation 6 in Table I11 and it is seen that the fit to the separate equations is much better than to any one of the preceding four equations. I t will be noted that p4 (b, equation 5, Table 111 ) is nun~erically larger than p6 (b, equation 6, Table 111 ) which suggests that in anthranilic acid decarboxylation the electron density a t the reaction site is more sensitive to resonance effects from substituents than it is in ionization of benzoic acid, the standard reaction from which Hammett's a's are determined. This agrees with site 3 as the principal reaction center since site 1 is equivalent t o that in the standard reaction.
Similar splits between ~n e t a and para substituent effects are well ltnown in the reactions Can. J. Chem. Downloaded from www.nrcresearchpress.com by 52.11.211.149 on 11/28/19
For personal use only. For personal use only. of amines and phenols on the one hand and in substitution reactions on aromatic and benzyl conlpounds on the other. The former case led I-Iammett to assign separate +U'S for the reactions of a~nines and phenols (j), but new -u's were not necessary since mesomeric increase of electron density on amines and phenols is limited by the lack of low-energy orbitals 011 oxygen and nitrogen to receive it. In aromatic and benzyl substitutions, on the other hand, the increased efficiency of substituents with -U'S led Brown to the establishment of separate values, -u+, for these cases. Thus far, +u+'s have not been found to be significalltly different from I-Iammett's +u's, presuluably because in the transition states of such reactions the reaction center bears a large positive charge and so is incapable of mesolneric electron release.
In anthra~~ilic acid decarboxylation para substituellts seen1 to be Inore effective for both electron release and electron attraction than in the standard reaction, which would require that the reaction center in the transition state of decarboxylatioil be capable of either accepting or releasing electrons. This would be the case a t site 3 only if the ring carbon still has a rr electron available for conjugation; that is, if either the new bond or the old is weak. By analogy with the accepted mechanislll of aromatic substitution, an internlediate inay be postulated in decarboxylation, as shown below.
In the usual aromatic substitution reactions the large magnitude of p and the absence of a hydrogen isotope effect show that the transition state resembles the intermediate, but in decarboxylation the preceding argulnents suggest that the transition state must be closer to reactant or product than is the case in the usual arolllatic substitutions. Stevens' observatioll (2) that there is no carbon isotope effect in the decarboxylation shows that the transition state call not lie between intermediate and product.
The deuterium isotope effect in decarboxylation shows that a proton is involved in the reaction site but its small magnitude, k H / k D = 2-3 suggests that the 0-1-1 bond is wealtened but not brolten in the transition state. This is consistent, too, with the small importance of acid strength on the rate as indicated by the negative value of p. The small magnitude of p compared to that in most aromatic substitutions (6) confirms that charge a t the reaction site is snlall (20) , as does the small solvent effect mentioned previously. Taken together these considerations indicate a transition state something like that represented by the formula in which the 0-H bond is wealtened but not yet brolten and the C-1-1 bond is only partially formed. The role of the left-hand amino group in stabilizing the transition state is obvious and the proxinlity of the right-hand amino group to the leaving carboxyl group Can. J. Chem. Downloaded from www.nrcresearchpress.com by 52.11.211.149 on 11/28/19
suggests that the transfer of a proton to the ring may be accompanied or immediately followed by transfer of a second proton from the departing carbon dioxide molecule to the right-hand amino group. The previously noted unimportance of the amino group in the rate-determining step requires that this second proton transfer have a low activation energy, as is usually observed for proton transfer 0 to N. The right-hand molecule, in catalyzing the decarboxylation, would be converted from a neutral lzlolecule t o a zwitterion, like the bifunctional catalysts described by Swain (21) . Such a bifunctional catalysis should provide a relatively low-energy route for proton transfer in a solvent of low dielectric constant, especially since the zwitterion could revert to neutral molecule intramolecularly. This interpretation agrees with the observation that p-aminobenzoic acid decarboxylates a t only one-fifth the rate of anthranilic acid.
In summary, then, we conclude that decarboxylation takes place in the neutral molecule, not the zwitterion, that proton transfer is intermolecular, that the rate-determining step involves proton attack on the ring carbon, and that in the transition state the carbonhydrogen bond is just beginning to be formed. I t is possible that catalysis by the second anthranilic acid molecule is bifunctional in character.
